The motion behavior of nonmetallic inclusions at the interface of molten steel and slag fundamentally affects the removal of inclusions. Therefore, from an analysis of forces, this study constructed a mathematical model of inclusion movement. Compared with other models that only consider the forces acting on nonmetallic inclusions at the interface, the proposed model considers not only cases in the inclusions which enter the slag interior and rebound into the molten steel, but also the effect of fluid flow containing the inclusions with different Re numbers on the drag force. The application of this established model has not taken Reynolds number of fluid flow into consideration. The model can predict the motion of inclusions at the interface and in nearby areas and provide a curve of inclusion displacement vs time. The mathematical model was verified with a physical model, with the curve of displacement vs time obtained from physical experiment being consistent with the calculated curve. The preliminary calculation results show that inclusions having liquid film at their surfaces are rebounded into the steel when they have size within a certain range but enter the slag phase directly when they are beyond that size range.
I. INTRODUCTION
THE progress of science and technology has produced steel of higher quality. Nonmetallic inclusions are generally considered to adversely affect the performance of steel. [1] Nonmetallic inclusions are usually classified into two categories: [2] residual products resulting from alloying elements intentionally added for de-oxidation in the ladle and products resulting from reactions between the melt and the atmosphere or slag.
Inclusions in metallic melts are often removed through capture by the slag phase, which is usually a molten mixture of metal oxides. In the manufacturing process, this may occur in the ladle, tundish, or mold. Lee and Sridhar [3] described the separation of inclusion in three steps: (i) the floating of inclusions to the steel-slag interface, (ii) separation into the slag phase through the interface, and (iii) dissolution into the slag phase. There have, over the years, been several attempts to study the floating process and dissolution process. Wikstrom and Nakajima [4] investigated the effect of the particle size (5 to 200 lm) of inclusions in soft blow flow on separation efficiency. Ramos-Banderas [5] studied the trajectories of inclusions of different particle size with a Eulerian-Lagrangian stochastic trajectory model. Wang [6] studied the inclusion trajectory and separation rate when blowing argon or employing electromagnetic braking. Hallberg [7] and Miki et al. [8] presented models of inclusion growth and separation. Many works [9] [10] [11] [12] have described the thermodynamics of inclusion removal. However, most of these models and studies argue that inclusions are separated and eliminated once they reach the interface between steel and slag.
The second step of separating inclusions into slag has been hardly noticed. Nakajima and Okamura [13] [14] [15] put forward models predicting the separating process for nonmetallic inclusions. In the models, the particle at the interface between steel and slag is subject to four forces: the buoyancy force, added force, rebound force, and drag force. The models indicate that the overall wettability should be positive and that the slag viscosity should be as low as possible to obtain the most favorable conditions for inclusion transfer at the steel-slag interface. Cleaver and Yates [16] put forward a turbulent bursting model combined with the inclusion model by Nakajima and Okamura. [13] Valdez and Shannon [17] calculated the capture of inclusions at the interface between molten iron and different slags using the model proposed by Nakajima. [15] Bouris and Bergeles [18] considered that inclusions can pass into the slag layer and avoid re-entrainment, as the interfacial tension between slag and inclusion should be less than that between steel and inclusion, but inclusion particles that reach an equilibrium state at the steel-slag interface are subject to re-entrainment back into the steel, owing to the turbulent boundary layer at the interface. They therefore introduced shear stress into the model.
The models above clearly describe the forces acting on inclusions but are exclusive of forces acting on inclusions in steel phase, in slag phase or near the interface. When the inclusion oscillates at the interface, it may enter the steel phase or slag phase completely and its forces will thus be different. Inclusions of certain sizes may rebound into steel before film rupture, and then move to the interface and separate into the slag phase; in this case, the model is inaccessible. This study presents a novel analysis of the (delete) changing forces when inclusions are in steel phase, slag phase, at the interface between steel and slag, and in a continuous process during separation. Consequently, this further analysis may affect the motion trail and separation time.
Moreover, the aforementioned models, especially the one in References 14 and 15, assume the flowing fluid containing the inclusions is Stokes flow regardless of the value of Re (Reynolds number). The research of Davila, [18] Morales, [19] and Cukierski [20] indicates that there are 3 different Re values (0.98, 2.86, 15.91) of a 50 lm inclusion in Ladle, Tundish, and Mold at different fluid flow speed. Researchers [21] indicated that when Re >8, standing eddies appear behind the inclusions, furthermore it causes uneven pressure around the inclusions. If the Re is big enough, inclusions oscillate in the process of movement, the drag force acting on the inclusion transforms into Newton viscous resistance force.
The first part of this study establishes a mathematical model of the motion behavior of nonmetallic inclusions at the interface of molten steel and slag and verifies the mathematical model with a physical model. Preliminary calculation results are then analyzed.
The second part presents results on the effects of inclusion size, interfacial tension between the inclusion and slag phase, and viscosity of slag on the motion behavior of inclusions at the steel-slag interface according to the mathematical model.
II. THEORETICAL MODEL
This research optimizes the mathematical model of inclusions movment at the interface between slag and metal according to the model of Nakajima and Strandh. [13] [14] [15] The movement of inclusions at the steel-slag interface is shown in Figure 1 . The figure has ordinate Z and abscissa t. The abscissa is drawn along the direction of the steel-slag interface, and shows the movement of inclusions at the steel-slag interface with time. The ordinate Z is perpendicular to the interface of steel and slag, and thus shows the displacement of inclusions at the steel-slag interface. Z is a function of time t, and thus denoted as Z(t). When inclusions arrive at the steel-slag interface (as shown by position 2 in Figure 1 ), initial time t 0 = 0 and initial displacement Z 0 = 0. There are four possibilities for the movement of an inclusion at the steel-slag interface. 1) After arriving at the steel-slag interface, the inclusion directly passes through the interface into the slag layer; the process is described in Figure 1 by 1fi2fi4fi5. 2) After arriving at the steel-slag interface, the inclusion does not fully penetrate the interface but oscillates the steel-slag interface, and finally remains at the steel-slag interface; the process is described by 1fi2fi4. 3) After arriving at the steel-slag interface, the inclusion does not fully penetrate the interface but rebounds into the liquid steel, and then floats upward to reach the steel-slag interface under the action of buoyancy, finally completing separation; the process is described by 1fi2fi3fi4fi5. 4) After arriving at the steel-slag interface, the inclusion does not fully penetrate the interface but rebounds into the liquid steel and then floats upward and arrives at the steel-slag interface, oscillating the steel-slag interface, and finally remaining at the steel-slag interface; the process is described by 1fi2fi3fi4. All four cases of inclusion movement at the steel-slag interface include three or more consecutive stages, with the three basic stages being the inclusion in liquid steel, the inclusion in the two-phase steel-slag zone, and the inclusion in the slag phase.
The forces acting on the inclusion are not the same in the different stages of movement. Force analysis should be carried out for each stage of continuous inclusion movement. According to the inclusion location, the force distribution of inclusions is determined at that moment. Then, according to the force situation of inclusion movement at the steel-slag interface at different stages, the relationship between inclusion displacement and time can be constructed according to Newton's law, and a mathematical model of inclusion movement at the steel-slag interface can be established. The mathematical model established in this research considers all stages of the inclusion movement at and near the steel-slag interface. The behavior of inclusion movement in and near the steel-slag interface, the possibility of a rebound phenomenon occurring in the process of inclusion movement through the interface and corresponding influencing factors are studied in detail. According to the Nakajima's [13] [14] [15] model, the following assumptions are made in building this optimized model. The inclusion volume is fixed and solid, and the slag phase is liquid. The inclusions do not react with the slag. All fluid is incompressible and isothermal. All interface parameters are constant. Buoyancy, resistance, and rebound force as well as surface tension affect inclusions at and near steel-slag interface, when Z(t) is greater than twice of the inclusion radius after the film breakup, the inclusions are considered as completely out of steel-slag and enter into the slag phase. According to the research of Nakajima and Okamura, [13] there are two cases where inclusions float upward and arrive at the steel-slag interface depending on whether the inclusions are attached to the steel liquid film. The Re of inclusion movement determines whether there is a steel liquid film. There is a liquid film when Re >1 but not when Re<1. When inclusions arrive at the steel-slag interface, a liquid film is produced or the slag, steel, and inclusion triple phases contact directly without a liquid film. In both cases, inclusions pass through the steel-slag interface or stay at the steel-slag interface under the effects of the rebound, buoyancy, resistance, and added-mass forces. However, the forces will differ if there is no liquid film. Force analysis is required for both conditions of whether there is a liquid film or not.
In this research, force is analyzed by dividing into three parts during the inclusions moving process-near the interface, completely in the metal phase, and slag phase. Although both in the metal phase and slag phase are important to a continuous inclusions separating process, they are not considered in the previous research. In the whole process of movement, the drag force changes with the change of Re number. When Re<8, the flowing fluid containing the inclusions at the steel-slag interface is all regarded as Stokes flow. When Re is larger than 500, the flow condition meets Newton's law, thus the drag force acting on the inclusion transforms into Newton viscous resistance force. As Re range from 8 to 500, actually no determinate formula can be applied to calculate the drag force. So this research selects Schiller-Nauman's empirical formula with a minimum error ranging between calculating and experimental result À4 to +5 pct. [22] When Re is less than 8, the drag force acting on the inclusion is defined as:
When Re is between 8 and 500, the drag force acting on the inclusion is defined as:
When the Re is larger than 500, the drag force affected on the inclusion is defined as:
where:
b is a fractionalized density term that weighs the particular absolutely and after it transfers into theeffects of each outside phase:
A. Mechanical Model of an Inclusion Without Film Formation
If the Reynolds number is less than unity, no film will form because the speed of inclusions at the interface is low enough for there to be direct contact with the slag. The particle at the interface between steel and slag is acted upon by four forces: the buoyancy force, added-mass force, rebound force, and drag force. [14, 15] Figure 2 is a schematic of the situation. Re and the Stokes terminal velocity are defined as
The buoyancy force involves a difference between relative densities, but must also account for the separate volumes of the inclusion that are within slag and the steel phase.
The buoyancy force is defined as
The value ofD b changed with the displacement of inclusion though Eq. [5] .
The added-mass force is in the direction opposite to the acceleration and is given by
The volume rate of the inclusion in metal and slag determines the magnitude and direction of the buoyancy force. If the density of the inclusion is lower than both that of the slag and that of the metal, the force is directed upward. If the inclusion is denser than the slag, the inclusion particle will stay at the bottom of the slag layer, such as in the case of a solid Al 2 O 3 inclusion.
According to the assumption the Re number is less than unity when no film is around the inclusion. So the direction of drag force is opposite to the velocity which is defined as:
After the inclusion has transferred into the slag phase absolutely, the buoyancy force, drag force, and addedmass force will change as bothD b and B $ approach 1. So force analysis of the inclusion can be divided into two parts as following.
Force analysis of the inclusion at the interface
The rebound force is generated by the change in interfacial energy during the inclusion transfer across the interface. The interfacial energy is defined as
½11
The rebound force is thus
2. Force analysis of the inclusion in slag After the inclusion has transferred into the slag phase absolutely, the interfacial energy will be fixed, and the rebound force will thus be zero.
According to the model assumptions and Newton's second law, substituting Eqs. [8] through [10] and [12] into the Eq. [13] .
According to the above force analysis at the interface, when there is no formation of liquid film, the displacement of the inclusion before it transfers into the slag phase absolutely and after it transfers into the slag phase absolutely can be summarized as:
B. Mechanical Model of the Inclusion with Film Formation
As mentioned earlier, a metal film will form between the inclusion particle and the interface if Re ‡1. The particle is again acted upon by four forces: the buoyancy force, added-mass force, rebound force, and drag force. [14, 15] When there is a metal film, the transfer of the inclusion can be divided into four parts: transference to the interface, separation into the slag phase or rebound back into the metal, re-entering of the interface, and separation into the slag phase or rest at the interface. Figure 3 is a schematic representation of the situation.
The model assumes that a metal film will form if the distance between the particle and interface, denoted as S 0 , is 0.002 A and that the film will rupture when the distance reduces to 0.001 A.
The buoyancy force in different distances is expressed as
The drag force is selected from Eq.
[1] to Eq. [3] with the change of Re number. At the different distances, the force may also change with different value ofD b and B $ . The added-mass force is expressed as 
Force analysis of the inclusion can be divided into three parts as following during the motion process with a film formation.
Force analysis of the inclusion at the interface
The metal film thickness is S 0 at time t 0 . The rising distance of the inclusion, denoted as Z(t), is a function of time t and the film thickness is denoted as S(t), as shown in Figure 4 . The angle h c in the figure ranges from 0 to p; the inclusion is not in contact with the interface if the angle is zero and the inclusion separates absolutely into the slag if the angle is p.
According to the Nakajima's model, when the interface is deformed, the continuity of normal stress across the film interface is given by
½17
where P Film is the pressure of the metal film, P Slag is the pressure of the slag, P Metall is the pressure of the metal, l S is the slag viscosity, r MS is the interfacial tension between metal and slag, and S is the film thickness. The rebound force can be obtained by integrating Eq. [17] :
Substituting the expressions of the buoyancy force, added-mass force, drag force, and rebound force into Newton's equation (Eq. [13] ), the displacement of the inclusion before it transfers into the slag phase absolutely is expressed as:
Force analysis of an inclusion in metal
The inclusion may rebound back into the metal phase. The interfacial energy is fixed when the inclusion is in the slag phase absolutely, and the rebound force will thus be zero. 
The displacement of the inclusion that rebounds into the metal phase will be
½20
The inclusion will re-enter the interface owing to its density being lower than that of the metal phase. If the velocity is low enough that Re <1, the inclusion will transfer though the interface as no film forms, or there will be a film forming.
Force analysis of an inclusion in slag
Due to the different values of Re, the displacement of the inclusion in the slag phase will be
½21
The equation for the drainage of the metal film d is obtained from the expression for the film surface:
½22
The continuity of the film flow is expressed as
The film flow-out velocity is
The drainage of the steel film per unit time in dimensionless variables is
½25
The dimensionless displacement, steel film thickness, time, velocity, and acceleration in the above equation are expressed as
III. MODEL VALIDATION
This investigation validated the numerical model using a water model. The system of inclusion movement at the interface between slag and metal was represented by the wetting interaction of the inclusion, metal, and slag. The capillary length in the simulation must therefore be similar to those of the numerical system.
A. Similarity of the Capillary Length
The capillary length is a characteristic length of the interface between two fluids, and is determined by the acceleration due to gravity and interfacial tension in hydromechanics:
where r is the interfacial tension between liquids, q is the density of fluid, and g is acceleration due to gravity. The capillary lengths of the interface between slag and metal and the interface between oil and water in the water model are defined as
In this investigation, the capillary length of the interface between slag and metal (k metalÀslag ) was 0.58 m, and that of the interface between water and oil (k waterÀoil ) was 0.6 m. These two capillary lengths are similar and it is thus reasonable to use the interface between water and oil in simulating the interface between metal and slag.
B. Experimental Design
The materials used in the experiment were silicon oil AK 50, silicon oil AK 75, and hollow aluminum beads with diameters of 4 mm. The physical properties of the materials are listed in Table I .
The main pieces of equipment used in the experiment were a Fastec Hispec 5 high-speed camera, Xcitex ProAnalyst Professional Ultra Bundle Motion Analysis Software, and a tank constructed of half-inch-thick clear polycarbonate. In the experiment, opening the switch at the bottom of containers and rotating the net baffle allowed the hollow aluminum beads to float upward from the bottom of the tank. The high-speed camera was used to record the movement of the particles at the interface between oil and water. Figure 5 is a schematic of the experiment. The velocity of the particle at the interface could be analyzed with the Xcitex ProAnalyst software.
Numerical solution
The expressions depicting the inclusion movement in model are all second-order differential equations. Solve these motion equations with C programing language, the R-K solution with fourth-level and fourth-order is used to obtain the numerical solutions.
The velocity of the particle could be calculated by the software, and speed curves of the particles at the interface between water and oil thus drawn. At the same time, the theoretical speed curves could be determined by substituting the parameters of the water model into the theoretical model. The speed curves of the particles at the interface between water and oil and the theoretical speed curves could thus be compared.
According to the model, the Re number of the hollow aluminum beads is larger than 500, and there will be a film formation between the inclusion particle and the interface. So the displacement of the inclusion at the interface and after it transfers into the slag phase absolutely can be calculated respectively by Eq. (35).
The speed curves of the particles at the interface between water and two kinds of oils in the water model experiment are shown in the Figures 6 and 8. Figures 7  and 9 compare the experimental curves and theoretical calculation curves. Both results agree consistently by comparison. However, there are fluctuations in the experimental curves, possibly due to the rough surface of aluminum bead. Due to the rough surface, the draining of water film from the particle surface is too slow to make the assumption that the deformed interface instantaneously reforms itself to a flat interface after film rupture, though the velocity may go negative, the inclusion still is on the interface and the inclusion finally stay on the interface stably. Moreover, the final speed is slightly oscillating and near 0 in the experimental curves, this may be due to the fluctuation of the liquid interface during the experiment.
IV. ANALYSIS OF PRELIMINARY RESULTS
Depending on whether Re is above or below unity, inclusions move at the steel-slag interface with or without the formation of a film; a film forms between the inclusion and interface when Re >1.
When the Stokes terminal velocity is selected as the terminal velocity of the inclusion, the viscosity of the slag is 0.08 PaAEs, the interfacial tension between the slag and inclusion is 0.24 N/m, the viscosity of the metal is 0.006 PaAEs, the density of the metal is 7000 kg/m 3 , and the density of an Al 2 O 3 inclusion is 3990 kg/m 3 ; it is calculated that no film forms when the inclusion size is less than 150 lm but that a film does form between the inclusion and interface otherwise. And the thermodynamic property parameters of the material are listed in the Table II. Through the model calculation, we obtain the relationship between displacement and time as shown in Figure 10 . Figures 10(b) and (d) show that, if the size of the inclusion ranges from 150 to 190 lm, the inclusion rebounds to the metal under the effect of the film, and the separation time is significantly longer. When the inclusion size is greater than 190 lm (Figure 10(e) ), the inclusion crosses the interface directly without rebounding, which decreases the separation time obviously.
In the model, the size of inclusions at slag-metal interface is assumed as the constant. The effect of dissolution on the size of inclusions at slag-metal interface is discussed firstly to check the validity of assumption in the model. Based on the fact that the separation process of inclusions could not be observed with confocal scanning laser microscopy, Sridhar [3, [27] [28] [29] [30] [31] claimed that the separation rate was not observable. However, the dissolution process of solid inclusions could be observed in the experiment, the dissolution time of a 100 lm 
; ½36 where q-the particle density; DC-the driving force of the dissolution; k-the Boltzmann constant; T-the temperature; a-the ionic diameter; g-the viscosity of the slag. The separation time of a 150 lm inclusion is about 2.6 ms (in Figure 10 ) which is far shorter than the dissolution time. Thus the assumption which regards the inclusion size at the separation process as a constant is reasonable. However, the dissolved dynamics of inclusions at steel-slag interface needs further study.
V. SUMMARY AND CONCLUSION
A mathematical model predicting the motion behavior of nonmetallic inclusions at the interface of molten steel and slag was established. The model considers all factors affecting the motion of inclusions at the interface and in areas nearby and the effect of fluid flow containing inclusions with the drag force of different Re numbers, overcoming the limitation of previous models that only consider the forces acting on nonmetal inclusions at the interface, and assume that the fluid flow containing inclusions is Stokes flow regardless of the value of Re. The model established here also considers cases in which the inclusions enter the slag interior and are rebounded into the molten steel again. The displacement-time curve obtained from the mathematical model to describe the motion behavior of inclusions at the interface and in nearby areas was verified with a physical water model, with the results showing good agreement.
The preliminary calculation results show that a liquid film forms at the inclusion surface only when the inclusion is large enough. For Al 2 O 3 inclusions floating upward to the steel-slag interface at Stokes terminal velocity, the critical size for the generation of liquid film is 150 lm. Inclusions with liquid film at their surfaces are rebounded into the steel when their size is within a certain range, and beyond the size range, the inclusions can enter the slag phase directly. In the case of the Al 2 O 3 inclusion, when adopting the Stokes floatation velocity as the terminal velocity, the viscosity of slag as 0.08 PaAEs and the interfacial tension between inclusions and slag as 0.24 N/m, the inclusion will be rebounded at the interface under the effect of liquid film if the diameter lies in the range of 150-190 lm. However, an Al 2 O 3 inclusion larger than 190 lm can pass through the steel-slag interface and enter the slag phase. Metal 7000 [14] 0.006 [14] r IS 0.01-0.6 [25] r M 1.606 [26] Fe:100 pct Inclusion 3990 [14] r IM 1.504 [14] r I 0.650 [24] Al 2 O 3 :100 pct Slag 2720 [24] 0.08 [23] r MS 1.43 [24] r S 0.415 [24] SiO 2  CaO  Al 2 O 3  MgO  25  55  10  2 Fig. 10-Displacement curves of hollow aluminum beads.
